Replication, DNA organization, and mismatch repair (MMR) can influence recombination. We examined the effects of altered replication due to a mutation in the polymerase ␦ gene, long inverted repeats (LIRs) in motifs similar to those in higher eukaryotes, and MMR on intrachromosomal recombination between highly diverged (28%) truncated genes in Saccharomyces cerevisiae. A combination of altered replication and an LIR increased recombination up to 700-fold, while each alone led to a 3-to 20-fold increase. Homeologous recombination was not altered by pms1, msh2, and msh3 mismatch repair mutations. Similar to our previous observations for replication slippage-mediated deletions, there were >5-bp identical runs at the recombination breakpoints. We propose that the dramatic increase in recombination results from enhancement of the effects of altered replication by the LIR, leading to recombinationally active initiating structures. Such interactions predict replication-related, MMR-independent genome changes.
Chromosomal recombination has both beneficial and deleterious consequences. During meiosis, recombination is generally considered to be essential to the orderly distribution of chromosomes. In mitotically growing cells of lower organisms, recombination provides for efficient repair of DNA damage, particularly double-strand breaks, through interactions between homologs or sister chromatids. In mammals, somatic recombination is an important component in the development of the immune system.
Recombination could also lead to genome instabilities if it were to occur between diverged DNAs. For example, human chromosomes contain many large DNA repeat sequences such as Alus, LINEs, and pseudogenes (11, 39) in which reciprocal exchange would lead to genome rearrangements and/or deletions. This is presumably prevented by divergence between the repeats.
In all organisms examined, a high level of DNA divergence can reduce recombination substantially. In addition to the level of DNA divergence, there are many factors (see Discussion) that can influence the likelihood of homeologous recombination; these include the mode of initiation, DNA organization, the recombination system examined, and mismatch repair (MMR). For example, conjugational recombination between Escherichia coli and Salmonella typhimurium, whose DNAs are 16% diverged, is 10 5 -fold lower than for intraspecies crosses (34, 44) . However, double-strand break-induced intraplasmid recombination between diverged DNAs is reduced less than 10-fold (2) . In yeast, a single-or double-strand break can enhance recombination between highly diverged DNAs during transformation (33, 35, 36, 43) .
The MMR proteins MutS and MutL in bacteria or their homologs responsible for preventing replication-related mutations in higher organisms are proposed to interact with mismatches in some way to inhibit homeologous recombination, possibly by preventing strand assimilation or strand transfer (37) . The role of the MMR system in preventing recombination between highly diverged DNAs appears to depend on other factors that also influence homeologous recombination including mode of initiation (such as DNA damage or type of recombination) and DNA organization. For example, MMR is responsible for most of the reduction in bacterial interspecies recombination (44) , but it has little effect on plasmids that contain a large heteroduplex formed between DNAs that are 8% (1, 12) or 16% (57) diverged. For yeast, the effect of MMR on homeologous recombination depends on the system and the level of DNA divergence. The yeast PMS1 gene, a homolog of the bacterial mutL gene, does not appear to affect homeologous recombination in any of the yeast systems (21, 43, 48) . Mutations in the MSH2 and MSH3 genes of yeast can result in as much as a 40-fold increase in recombination between repeated DNAs that are over 20% diverged; however, the increase is dependent on the organization of the DNAs (48) . Mutations in the PMS1 and MSH2 genes have no effect on the rate of homeologous recombination between transforming molecules (5) or spontaneous homeologous recombination between plasmid and chromosome (42) . Recently, it was shown that mammalian cells defective in MSH2, the MutS gene homolog, are much better recipients for gene targeting with related DNA (0.6% base sequence divergence) than are the corresponding wild-type cells. Inactivation of the mouse MSH2 gene results in mismatch repair deficiency, hyperrecombination, and predisposition to cancer (22) . Male mice defective in the DNA repair gene PMS2 exhibit abnormal chromosome synapsis in meiosis and appear prone to sarcomas and lymphomas (6) .
Thus, there are many factors that can influence homeologous recombination, and as a result, they are likely to play an important role in genome stability. Chromosome metabolic activity, such as transcription and DNA replication (for a review, see reference 9), heterochromatin versus euchromatin, B-DNA versus non-B-DNA (51), and organization, can affect homologous recombination and is also likely to affect recombination between diverged DNAs. For example, altered semiconservative replication in yeast DNA polymerase mutants can increase homologous recombination severalfold in a variety of systems, although the reason remains unclear (3, 28) .
Long inverted repeats (LIRs) are an example of the influence of chromosome organization on homologous recombination. An insertion of an LIR into a gene can stimulate interchromosomal heteroallelic recombination as much as 10-fold (28) . Previously, LIRs were shown to induce deletions between small surrounding direct repeats in bacteria and yeast (17, 23, (29) (30) (31) 47) . In transgenic mice, LIRs are mitotically unstable and lead to insertions or deletions (16) . Furthermore, inverted repeats have been proposed to induce reciprocal switching of the leading and lagging strands during replication within inverted repeats (8) . Based on the ability of LIRs to stimulate deletions between short direct repeats (4 to 9 bp), LIRs have been proposed to form stem-loop structures during replication, thereby blocking replication and leading to replication slippage between repeats flanking the LIRs. Alternatively, the stalled 3Ј end interacts with another homologous sequence, resulting in recombination (see Discussion). This view is supported by our observations that yeast mutants defective in semiconservative replication exhibited both enhanced LIR excision and interchromosomal recombination (28, 29) .
We have investigated the impact of LIRs and altered replication on both homeologous and homologous intrachromosomal recombination. The altered replication is due to a mutation, pol3-t, in the DNA polymerase ␦ gene (POL3), which results in temperature-sensitive growth. Recombination was examined between directly repeated DNAs that were separated by two inverted URA3 genes (the LIR) or various combinations of directly repeated URA3 genes or unique DNAs. This motif was chosen because it is common in the DNAs of higher eukaryotes, where large repeat DNAs make up over 10 to 20% of the genome and have been associated with various diseases in humans. Homeologous recombination between directly repeated truncated genes that were 28% diverged was examined.
We have identified new factors that can induce recombination between diverged DNA, dissected the mechanism of replication-slippage and recombination induced by LIRs, and generalized the LIR-induced recombination phenomena. The effect of altered replication or an LIR on homologous recombination extended to recombination between the highly diverged DNAs in that they each increased recombination up to 3-to 20-fold. However, the combination of an LIR and the pol3-t mutation had a multiplicative or greater than multiplicative effect on homeologous as well as homologous recombination, resulting in recombination being enhanced up to 700-fold. Mutations in the mismatch repair genes PMS1, MSH2, and MSH3 had no effect on recombination between the highly diverged repeats. Based on these results, we suggest that diverged DNA sequences, DNA replication status, and DNA organization-particularly LIRs-can be important factors in genome instability and that the role of mismatch repair depends in part on the mechanism of recombination.
MATERIALS AND METHODS
Strains, plasmids, and media. All strains were isogenic and were MAT␣ leu2-2 trp1-⌬1 ura3-⌬1 ade2-⌬ derived from pol3-t DM strains (28, 29) ; they had various combinations of mutant or wild-type alleles of POL ϩ , PMS1, MSH2, and MSH3 and various inserts at the XhoI site of the chromosomal LYS2 gene (see below). The pol3-t mutation is due to a G-to-A substitution resulting in an Asp641-toAsn641 change in the domain VI region (unpublished data). Except for pAM58 (pms1::LEU2 [38] ) and pmsh3::LEU2 (msh3::LEU2 [48] ), the rest of the plasmids including p203 (msh2::LEU2) were derived in this study. E. coli DH5␣ was used for plasmid construction. Standard Luria-Bertani and terrific broth (TB) media for bacteria and YPD and synthetic media for yeast were used (50) . Medium containing 5-fluoroorotic acid (5-FOA) was used for selection of URA3 mutations (10) .
Constructions. To examine recombination, inserts that contained truncated direct repeats of ADE genes, one from the 5Ј-terminal part and the other from the 3Ј-terminal part of the gene with a 424-bp overlap, were developed. The first repeat was a 5Ј PvuII-SalI fragment (bp 1 to 1930) of the Pichia methanolica ADE1 gene, including the promoter (1,007 bp) and the first 923 bp after the start codon (56) . The second ADE repeat was either the 3Ј-terminal HindIII-BglII fragment (bp 1512 to 3036) of P. methanolica ADE1 (56) or the HindIII-BglII fragment of Saccharomyces cerevisiae ADE2 from plasmid pAZ11 (52) . P. methanolica ADE1 is a functional homolog of S. cerevisiae ADE2, and they have a common alignment and a HindIII site at the same position. These genes encode 5-aminoimidazole ribonucleotide carboxylase. Mutations result in the accumulation of red pigment, and revertants or recombinants give rise to white colonies. The overlapping region of P. methanolica ADE1 and S. cerevisiae ADE2 is 28% diverged (see Fig. 2 ). Following the second ADE copy is the BglII-EcoRI fragment of the TRP1 gene (14) (Fig. 1) . Presented in Fig. 1 are the various DNA sequences placed between the two ADE repeats. These constructs were inserted in both orientations into the XhoI site of the LYS2 gene on plasmids. The constructions were transferred to the chromosomal LYS2 gene in the Pol ϩ DM and pol3-t DM strains by using gene disruption procedures (46) , resulting in Ura ϩ Lys Ϫ phenotypes. Mismatch repair disruption and deletion mutations. Mutations of the PMS1, MSH2, and MSH3 genes were made in the Pol ϩ DM strains containing the above constructs. The PMS1 gene was disrupted with the MluI-ApaI fragment of pms1::LEU2 from pAM58 (38) . The MSH2 gene was disrupted with the SacI-PstI fragment of msh2::LEU2 from p203. p203 was constructed as follows. The XhoIHpaI MSH2 gene fragment from pEN11 (4) was cloned into the SalI-SmaI sites of the pUC19 polylinker, and then the internal MSH2 SalI-SalI fragment was replaced by the SalI-XhoI fragment of LEU2. The BamHIII-AatII fragment from pms3::LEU2 (48) was used to disrupt the MSH3 gene. Disruptions or replacements were verified by PCR with pairs of primers flanking the disrupted regions: for pms1::LEU2, we used pms1-1 (5Ј-CTG GAC AAG TTA TCA CCG ACT-3Ј) and pms1-2 (5Ј-CCA GCA CCA CAA GTT CAT CAA TG-3Ј); for msh2::LEU2, we used msh2-5 (5Ј-AGG GAA CAT TGA GCA AGT TAA TGA G-3Ј) and msh2-6 (5Ј-CAC CAA CCT GTC TGA TGT AAG TAG A 3Ј); and for msh3::LEU2, we used msh3-1 (5Ј-ATT AGA GTA GGC TAC AAG TAC-3Ј) and msh3-2 (5Ј-AAC ATA CGT ACC ATC CGC ATC-3Ј). Amplification was continued for 30 cycles (30 s at 96ЊC, 1 min at 55ЊC, and 5 min at 72ЊC) with TaqPlus polymerase (Stratagene). The anticipated replacement or disruption was confirmed by the identification of the expected PCR fragment. As expected, the pms1 and msh2 mutations led to a mutator phenotype resulting in increased frequencies of can1 mutations (data not shown). The msh3 deletion had little effect on the appearance of can1 mutations, as expected. However, a msh3 deletion mutation in the same strain was previously shown to lead to increased mutation in a homonucleotide run (55) .
Genetic and molecular procedures. Insertion of constructions into the LYS2 gene were verified by Southern blot analysis. The Ade ϩ recombination rates were determined by fluctuation analysis with 12 to 24 independent cultures as described previously (28) or by using the Leningrad method described in reference 29. Comparable rates were obtained with the two methods. Loss of the intervening URA3 gene between the ADE repeats was selected on 5-FOA medium (10) . Genomic DNAs from the Ade ϩ recombinant were isolated and amplified by PCR with two primers flanking the ADE1/ADE2 overlapping region: ADE1 primer (corresponding to P. methanolica ADE1) (5Ј-CCT ATG ACG GAA GAG GT-3Ј) and ADE2 primer (corresponding to S. cerevisiae ADE2) (5Ј-GAA CAT TTA GCA TAA TGG-3Ј). Sequencing of PCR products was done with these primers by using an ABI automated sequencer (Applied Biosystems Inc.).
RESULTS
An LIR stimulates recombination between surrounding homologous and diverged direct repeats. We previously established that an LIR is genetically active in that it is a hot spot for recombination between genes on homologous chromosomes and it can induce illegitimate recombination between short (Ͻ10-bp) repeats within or in the vicinity of the LIR (28, 29) . We therefore investigated intrachromosomal recombination between direct repeats that were homologous or diverged and examined the consequences of an LIR and other types of inserts ( Fig. 1 ). To study homologous recombination, fragments of the P. methanolica ADE1 gene were introduced into the LYS2 gene of S. cerevisiae chromosome II. One fragment (AD) had the 3Ј end deleted, and the other (DE) had the 5Ј end deleted. There was an overlapping region of 424 bp so that recombination between the fragments would generate a complete copy of the gene, resulting in complementation of the ade2 deletion mutation in the S. cerevisiae strain.
When the small homologous direct repeats were separated by an LIR, the rate of recombination was considerably enhanced over that when other DNAs were present between the repeats. The rate of recombination between the 424-bp repeats was approximately 16 ϫ 10 Ϫ5 when they were separated by the URA3 LIR (Table 1 ). This was 10-fold higher than the rate when the repeats were separated by direct repeats of comparable size or just a single URA3 gene. The rates were independent of the direction of insertion of the recombination cassette relative to the LYS2 gene. Thus, not only does an LIR act as a hot spot for interchromosomal homologous recombination (28) , but also it stimulates intrachromosomal recombination.
Since an LIR could stimulate recombination between homologous DNAs, we investigated whether it would also affect recombination between highly diverged DNAs. Homeologous recombination was examined by using similar constructs, except that the P. methanolica ADE1 3Ј fragment was replaced by its ADE2 homolog from S. cerevisiae. In the region of the 424-bp overlap (as well as the rest of the P. methanolica ADE1 and S. cerevisiae ADE2 genes), the sequences are 28% diverged ( Fig. 2) (56) . P. methanolica ADE1 is able to complement deletions of S. cerevisiae ADE2 (56) . The truncated gene fragments were separated either by a region containing unique DNA or by direct or inverted 1.1-kb repeats of the URA3 gene ( Fig. 1 ).
Recombinants were identified by the appearance of Ade ϩ colonies on selective medium or loss of the intervening URA3 marker (by selection on 5-FOA). The gene products from the mosaic Pichia ADE1/Saccharomyces ADE2 gene were functional. Among 161 recombinants that were 5-FOA resistant because they had lost the two intervening URA3 genes (133 LIRs and 28 direct repeats were examined), all were Ade ϩ . Recombination between the diverged repeats was reduced approximately 1,000-fold compared to homologous repeats when separated by unique DNA or DNA containing directly repeated URA3 genes ( Table 2 ). This is consistent with previous reports of a nearly 200-fold reduction when DNAs are diverged by 25%, although in one study (48) the DNAs were embedded in homologous repeats and in the other study only reciprocal exchange could be detected (21) . Since an LIR between the diverged repeats resulted in a three-to sixfold increase in the recombination rate, an LIR can stimulate homeologous as well as homologous recombination. The stimulation is independent of the direction of the cassette relative to the LYS2 gene in which it is inserted and is independent of the distance between the URA3 repeats within the LIR when the distance is increased from 200 to 1,500 bp ( Table 2 ). The effect of the LIR is not dependent on its being immediately adjacent to the recombining direct repeats, since insertion of a 1,300-bp spacer sequence did not affect the LIR-stimulated recombination. This suggests that the effect of the LIR on recombination a DIR, direct repeat. b For orientation A, the direction of transcription is the same for the ADE1 promoter in the insert and the LYS2 gene, for orientation B, the direction of transcription for the ADE1 promoter in the insert is opposite to that for the LYS2 gene.
c The 95% confidence limit in fluctuation measurement is given in parentheses.
may not simply be due to replication slippage resulting from interaction of the replication complex with the LIR.
Altered replication amplifies the LIR-stimulated homeologous recombination. Altered replication due to mutations in the DNA polymerase ␦ can stimulate homologous chromosome recombination (28) . It also enhances LIR-stimulated illegitimate recombination. We therefore investigated whether a temperature-sensitive mutation, pol3-t, in the DNA polymerase ␦ gene could influence the effect of an LIR on homologous and homeologous recombination.
The pol3-t mutation resulted in increased intrachromosomal homologous recombination. When the repeats were separated by directly repeated URA3 genes, there was a 2-to 10-fold increased recombination rate in the mutant compared to the isogenic Pol ϩ strain at the 25ЊC permissive temperature (Table  1) . Altered replication also resulted in as much as a 10-fold increase in recombination between the highly diverged DNAs, regardless of whether they were separated by the directly repeated URA3 genes or unique DNA ( Table 2) .
The effect of an inverted repeat on recombination was much greater in the pol3-t background than in the wild-type background. This is consistent with previous observations on LIRstimulated replication slippage and interchromosomal recombination (28, 29, 54) . In the pol3-t mutant, the LIR increased homeologous recombination by 10-to 25-fold over the level observed when the repeats were separated by a direct repeat or unique DNA. As noted above, the relative increase (LIR versus direct repeat) was three-to sixfold in the Pol ϩ strain. Thus, an inverted repeat in a pol3-t background results in an overall 60-to 240-fold increase in homeologous recombination over that in a Pol ϩ background when the repeats are not separated by an LIR ( Table 2 ). The recombination rates in the pol3-t mutant were even higher (nearly 1,000-fold) when rates are measured at the semipermissive temperature of 30ЊC (Table  2) , although they were unaffected in a Pol ϩ strain (data not shown).
The pol3-t mutation leads to similar effects of the LIR on homologous recombination (Table 1 ). Compared to recombination in the Pol ϩ strain between repeats not separated by the LIR, the rate was 500-to 700-fold higher when the homologous repeats were separated by an LIR and recombination was examined in the polymerase mutant.
As noted above, the enhancement of the LIR-stimulated recombination by a pol3-t mutant is similar to previous observations with LIR-stimulated illegitimate recombination. This suggests that the LIR effect may somehow result from replication slippage between short identical sequences of the truncated ADE1/2 repeats. If replication slippage in the vicinity of the LIR were responsible for the stimulation (28, 29) , separation of the LIR from one of the repeats might be expected to reduce the rate of recombination in at least one of the orientations. A 1,300-bp spacer region of nonhomologous DNA (from the E. coli kanamycin resistance gene) was inserted between the ADE1 fragment and the LIR (Fig. 1F) , and the consequences on LIR-stimulated recombination were determined. Both orientations of the cassette were examined to FIG. 2. Alignment of overlapping P. methanolica ADE1 (P.m., upper sequence) and S. cerevisiae ADE2 (S.c., lower sequence) 424-bp fragments. The P. methanolica ADE1 5Ј fragment extends from the promoter region to the SalI site, while the S. cerevisiae ADE2 3Ј fragment extends from the HindIII site to the end of the ADE2 gene (52, 56) . All recombination breakpoints were in the three regions of high identity, A, B, and C (ϭ C1 ϩ C2) (see the text and Table 4 ). The two primers ADE1 and ADE2, used for amplifying the recombination products, were located outside this 424-bp region. The regions in boldface type correspond to long stretches of identical sequence.
evaluate possible effects of leading-or lagging-strand replication. As shown in Table 2 , the spacer did not affect LIRstimulated homeologous recombination in either orientation of the spacer-containing cassette. Thus, the enhanced recombination does not appear to be explained simply by replication slippage. This conclusion is supported by the observation (see below) that the distribution of recombination breakpoints is comparable for either orientation of the ADE1/ADE2 repeats relative to the direction of replication.
Recombination breakpoints occur in regions of greater identity. Because of sequence differences between diverged DNAs, it is possible to analyze the recombination breakpoints, or junctions. We therefore examined recombinants from the Pol ϩ and pol3-t strains for both orientations of the cassette relative to the direction of replication. The DNA of the Ade ϩ recombinants (first selected as 5-FOA-resistant clones) was PCR amplified from total genomic DNA with primers to the P. methanolica ADE1 (5Ј-CCT ATG ACG GAA GAG GT-3Ј) and S. cerevisiae ADE2 (5Ј-GAA CAT TTA GCA TAA TGG -3Ј) regions and subsequently sequenced.
There appears to be a requirement for a small region of identity for recombination to occur. In the 424-bp region of overlap, 100 bases are in sequences of less than 5-base identity and yet there were few breakpoints in such regions. Over 95% of the 133 breakpoints examined occurred in identical sequences (homology blocks) of at least 5 bp (Table 3 ). Similar to other reports for homeologous recombination in yeast, all recombination junctions are at regions of identical sequences.
There was no difference in the size distribution of homology blocks at the breakpoints between the Pol ϩ and the pol3-t strains (Table 3) , and there were no recombinants that had multiple breakpoints. For the LIR constructs (Fig. 1D) , the recombination breakpoints occurred in regions A, B, and C (ϭ C1 ϩ C2) (Fig. 2) , which had greater than 85% homology over a stretch of Ն24 bases (Table 4 ). While the length of A plus B is comparable to that of C, nearly 80% of the recombinants occurred in the latter region. The distribution of breakpoints among regions A, B, and C did not appear to differ with orientation. (The replication fork moves in the same direction as LYS2 transcription [54] .) However, there did appear to be an effect of orientation for the C1 component of C, which is characterized by a run of 17 identical bases. Overall, these results suggest that recombination induced by an LIR is not simply due to slippage events as proposed for deletion of an LIR.
LIR-stimulated homeologous recombination is not influenced by MMR. Recombination between highly diverged
DNAs has been proposed to lead to multiple mismatches, which might be subject to MMR (44), thereby reducing the incidence of recombination. There are many examples supporting this proposal (24, 34, 41, 49, 59) , as well as the contrary view that MMR may play only a small role in preventing homeologous recombination in bacteria and in yeast (1, 2, 5, 32, 42, 43). Furthermore, given the suggested role for replication in LIR-stimulated genetic events and the observation that MMR is associated with correction of replication-associated mutations, it is possible that MMR is involved in LIR-stimulated recombination.
We examined the consequences of mutations in the MMR genes PMS1, MSH2, and MSH3 on recombination between the ADE1-ADE2 gene pair (PMS1 is a homolog of E. coli mutL, and MSH2 and MSH3 are homologs of E. coli mutS.) The Ade Ϫ repeats were separated by direct or inverted copies of the URA3 genes or a single URA3 gene plus 1,500 bp of bacterial DNA (Fig. 1B) . As described above, the presence of an Fig. 1 for a description of inserts. DIR, direct repeat. b For orientation A, the direction of transcription is the same for the ADE1 promoter in the insert and the LYS2 gene; for orientation B, the direction of transcription for the ADE1 promoter in the insert is opposite to that for the LYS2 gene.
c All experiments were done at 25ЊC except where noted. The rates of recombination in Pol ϩ strains were comparable at 25 and 30ЊC. The 95% confidence limit in fluctuation measurement is given in parentheses.
d Experiments were carried out at 30ЊC. a Regions A, B, C1, and C2 are shown in Fig. 2 . The distribution is only for LIR constructs.
b For orientation A, the direction of transcription is the same for the ADE1 promoter in the insert and the LYS2 gene; for orientation B, the direction of transcription for the ADE1 promoter in the insert is opposite to that for the LYS2 gene.
c Numbers in parentheses show the number of mismatches per total number of nucleotides in the sequences of high homology (Fig. 2) . LIR enhances homeologous recombination nearly 10-fold in a Pol ϩ strain. The absence of the PMS1, MSH2, or MSH3 gene product did not affect the rates of homeologous recombination (Table 5 ) between the direct repeats regardless of the orientation of the repeats relative to the direction of replication or whether the region between them contained unique DNA, a direct URA3 repeat, or an LIR.
DISCUSSION
Recombination between diverged DNA sequences could be a major contributor to genome instability, especially in higher eukaryotes, where diverged repeats are common. Such recombination could lead to genomic rearrangement such as translocations, deletions, or inversions. The prevention of recombination between highly diverged DNAs may be important not only for genomic stability but also for prevention of interspecies exchange of genetic information (34) .
Many factors could influence recombination between highly diverged DNAs. These include initiation, association between the recombining DNAs, strand transfer and resolution, and MMR. As demonstrated with various systems in yeast, the contributions of the various factors can depend on the organization of the recombining DNAs. We have shown that replication defects and DNA organization similar to that in the human genome can induce intragenic recombination between highly diverged DNAs as well as homologous DNAs in comparable ways. They also induce ectopic recombination (in preparation).
Stimulation of homeologous recombination by altered replication. The altered replication in the pol3-t mutant resulted in as much as a 12-fold increase in homeologous recombination with a comparable or possibly smaller effect on homologous recombination. The LIR also enhanced homeologous recombination in the Pol ϩ strains up to sixfold. However, the effects of the combination of the Pol␦ mutation and the LIR were not additive but, instead, resulted in at least a multiplicative increase in the rate of homeologous recombination. For example, there was an approximately 5-to 10-fold (B and A orientations, respectively) increase in recombination for the direct repeats in the pol3-t versus the Pol ϩ strain, while there was an approximately 4-to 6-fold increase in recombination in the Pol ϩ strain when the repeats were separated by an LIR compared to when they were separated by a direct repeat. If the effects were multiplicative, the expected increase would be 20-to 60-fold, which is in the same range as the observed 60-to 240-fold increase for orientations B and A. The effect was also at least multiplicative for homologous repeats. These results are similar to our previous report (28) for LIR-stimulated homologous interchromosomal recombination, where there was also a synergistic stimulation of allelic recombination by the pol3-t mutation and an LIR (which was the bacterial transposon Tn5). The high level of homologous recombination detected in the present study suggests that intermediates can be isolated and examined directly.
To address possible mechanisms of stimulated recombination, we characterized the breakpoints among the homeologous recombinants. Over 95% occurred in regions of at least 5-bp identity (Table 3) , although one-quarter of the repeat sequence DNAs was in stretches of Յ4-bp identity. This bias is consistent with our previous observations of mutations arising by replication slippage in wild-type and pol3-t mutants, as well as LIR-stimulated deletions in a pol3-t mutant (28, 29, 54) . Most events occur between repeats of at least 5-bp identity (Table 3) . We suggest that this common feature may reflect a minimal sequence requirement for the replication apparatus to continue replication from a nascent strand at a new slipped position.
Based on results in yeast (28, 29, 31, 47) and bacteria (18, 20, 23) , the LIR has been proposed to be genetically active via an interaction between the replicating apparatus and the inverted repeats of the LIR. The LIRs could increase replication slippage type mutations several hundred-fold in yeast (29) (30) (31) 47) . Recently, Canceill and Ehrlich (13) demonstrated that while an LIR can inhibit in vitro replication by the E. coli Pol3 holoenzyme, slippage could occur between small direct repeats at the base of the LIRs depending on replication conditions. There are several common features of deletion mutations resulting from illegitimate recombination via replication slippage and homology-driven recombination between highly diverged or homologous DNAs. First, there is a combined effect of replication defects and inverted repeats. Second, the breakpoints are of comparable size. Finally, while they were not examined in the present experiments, the RAD52 pathway genes which are required for much of mitotic recombination are also involved in replication slippage deletions in yeast (29, 54) .
Based on the combination of effects of LIRs on several genetic end points that can be related to replication slippage, we propose that the multiplicative interaction with a defect in replication is due to an enhancement of the consequences of replication blockage on recombination. The observation that homeologous recombination and homologous recombination are similarly stimulated suggests a common mechanism. These results are consistent with stimulation of allelic recombination between homologous chromosomes by an LIR and altered replication (28) . However, because of DNA divergence, it is possible to investigate the recombination junctions.
A model for altered replication-stimulated recombination. The results obtained in studies of replication slippage between small repeats (54), LIR and/or replication-stimulated recombination (28, 29; see above), and recombination between highly diverged DNAs (42, 43) are consistent with previously developed models. In the replication model for the generation of 
Rates were measured by the Leningrad method with a 121-pin replicator as described previously (29) . For orientation A, the direction of transcription is the same for the ADE1 promoter in the insert and the LYS2 gene; for orientation B, the direction of transcription for the ADE1 promoter in the insert is opposite to that for the LYS2 gene.
c Unique DNA inserts as described in Fig. 1B .
deletions and recombination, (i) alterations in lagging-strand replication (i.e., in pol3 or pol1 mutants) can lead to slippage between small identical repeats (29, 47, 54) , (ii) slippage is enhanced by an LIR as a result of delaying replication further (28) , and (iii) stalled replication can be resolved via slippage or recombination. Our results cannot be explained simply by replication slippage. First of all, the ADE1/ADE2 recombination breakpoints in this work do not depend on the direction of replication (Table 4) , in contrast to observations for LIRinduced deletions resulting from replication slippage (28, 54) . Second, the breakpoints of LIR-induced deletions are always located close to the base of the LIR (28, 29, 31, 47) . We have shown that insertion of a 1.3-kb spacer between the LIR and one of the repeats (Fig. 1F) does not reduce recombination, regardless of cassette orientation (Table 2) . We suggest a model for homeologous recombination (Fig. 3) FIG. 3. Model for replication-driven recombination between partially and fully replicated repeats separated by a direct repeat (DIR) (A) or an LIR (B). As described in Discussion, a replication defect and/or LIR is proposed to lead to single-stranded regions during replication, and these could lead to recombinational interactions between direct repeats. We and others had previously proposed (28, 29, 47) that during replication there can be internal pairing of an LIR undergoing replication and that this could result in a blockage to replication. For an LIR (gray arrows in panel B), the blockage might also lead to degradation of the nascent strand (dotted line). The resulting single-stranded and double-stranded repeats (wavy lines) could undergo a recombinational interaction so that replication could continue on the original template strand, or there could be strand switching at a small region of identity (i.e., Ն5 bases). Once there is strand switching and replication continues, the DNA would not have mismatches; therefore, MMR would not be expected to have an effect. An alternative version of this model is that the nascent 3Ј end in one of the repeats can invade the other duplicated repeat at a small region of identify and that replication could continue.
that accounts for interrupted replication, as suggested for replication slippage induced by an LIR (28) , and that is driven by DNA synthesis. (The model incorporates features of the model proposed by Porter et al. [42] and Priebe et al. [43] and is based in part on the original one-ended model for double-strand break repair [45] .) We had proposed that (i) while there may be association between diverged molecules, a heteroduplex would be unstable; (ii) a duplex could be invaded by a 3Ј single-stranded end of diverged DNA at a small region of identity (i.e., corresponding to the Ն5-bp junctions) (42, 43; see above); and (iii) the resulting recombinational intermediate would be stabilized by the subsequent replication that would lead to homoduplex DNA. There would be little mismatched DNA on which MMR could act; therefore, this model also explained why MMR was not found to affect homeologous recombination whereas it did influence homologous recombination events (42, 43) .
We propose that a pause in replication, as could occur in a replication-defective mutant, can lead to a partially replicated single-stranded region. This enables recombinational interactions to occur between a partially replicated repeat and a repeat that has been duplicated. The LIR would increase the likelihood of blockage and might act to initiate recombination. For example, the blockage in replication might also lead to some degradation of the nascent 3Ј strand so as to result in one of the repeats becoming single stranded. (Degradation of the 3Ј strand has been established for a double-strand break in yeast [26] , and this possibly also occurs at a site of replication blockage.) The recombinational interaction could arise by displacement of the end of the nascent 3Ј strand to the duplicated region, such as was proposed for synthesis past a lesion in bacteriophage T4 (27) . Alternatively, it could arise through an interaction of the unreplicated single strand of the repeat with the duplicated repeat, as diagrammed in Fig. 3 , possibly through a recA mediated D-loop structure (in combination with a topoisomerase) or a triple-strand structure (15, 19) . The net result would be that the nascent replicating strand in one repeat would be placed at a corresponding position in the fully replicated repeat. This would increase the likelihood of strand switching, which could lead to newly replicated homoduplex DNA. However, we cannot rule out an alternative model in which replication arrest induced by an LIR could lead to a double-strand break that is subsequently repaired through a single strand-annealing mechanism (26) . However, there is no information concerning single-strand annealing between highly diverged DNAs.
Based on results in this and our previous studies of replication slippage and of homeologous recombination, we further propose that there is a minimum requirement of approximately 5-bp identity for the replication switch. This type of replication-driven recombination between diverged DNAs might not be subject to MMR, as noted above for double-strand break initiated events (43) . The reduced incidence of recombination for homeologous versus homologous repeats simply would reflect the decreased likelihood of a recombinational interaction between the single-stranded and double-stranded regions of the two repeats. We assume that all other factors, such as the likelihood of replication blockage and size of the singlestranded region, are independent of whether the recombining DNAs are homologous or diverged.
Effect of mismatch repair on homeologous recombination. We have shown that while recombination between highly diverged DNA repeats was reduced over 400-fold compared to homologous recombination, the reduction was not affected by the PMS1, MHL1, or MSH2 components of the yeast MMR system. The stimulation by the LIR was also MMR insensitive.
The model described above and our previous results have provided explanations why homeologous recombination might not be subject to MMR. The factors determining when MMR can prevent such recombination appear to include initiating events, the type of recombination, the level of divergence, and, as we have now shown, the DNA organization and altered replication.
The MMR system is important for genome integrity because of its role in preventing mutations. It is responsible for repairing many of the mistakes generated by polymerases during chromosomal replication. In yeast, mutations of the E. coli homologs PMS1, MHL1, and MSH2 can lead to several-hundredfold enhancements in the frequency of alterations in simple dinucleotide repeats (53) . Mutations in human MMR genes can lead to carcinogenesis due to accumulation of mutations (37) . The proteins of the MMR systems from E. coli to humans can recognize and bind a mismatch and process it (4, 25, 40) .
The MMR systems also play a role in several types of homeologous recombination. In bacteria, interspecies recombination and recombination between highly diverged DNA were increased several orders of magnitude in mutS or mutL strains (44) . Recently, it was shown that mammalian cells defective in the E. coli MutS homolog were a much better recipient for gene targeting with related DNA (0.6% divergence) than was the corresponding wild-type cell line (22) .
Based on results in yeast, it appears that the DNA organization and level of divergence are important (discussed in reference 42) in determining if the MMR system can act as a barrier to homeologous recombination. A defect in the yeast MMR genes MSH2 and MSH3, but not PMS1, resulted in as much as 100-fold enhanced mitotic crossing over between diverged DNA sequences (91% identity), and there was up to a 10-fold effect for sequences that were much more diverged (77%) (21) . (These results also argue against the view that the lack of an MMR effect in our experiments is simply due to too many mismatches.) Selva et al. (48) examined recombination between short homeologous DNAs (25% diverged) flanked by long identical sequences; recombination was probably initiated in the region of homology. They found that for one of the two orientations examined, recombination was increased (up to 43-fold) by mutations in MSH2 and MSH3 but not the PMS1. Alani et al. (5) demonstrated that mutations in MSH2 had no effect on homeologous recombination between copenetrating molecules during transformation. Porter et al. (42) also showed that the MMR system was not involved in mitotic recombination between 15% diverged sequences that are located on a chromosome and a plasmid.
Thus, the likelihood that MMR will have an effect on recombination between highly diverged DNAs appears to depend on a variety of factors. Possibly, it has its greatest effect if it can act to prevent strand exchange, as suggested by the in vitro results of Worth et al. (58) . They have shown that bacterial MutS can inhibit strand transfer between diverged DNAs and that MutL could exacerbate that inhibition. Alani et al. (5) suggested that in yeast, Msh2P blocks branch migration when mismatched bases are encountered. Thus, the effect of MMR may occur prior to or during the formation of a multiply mismatched heteroduplex. If so, the replication-initiated recombination described in the present study and modeled in Fig. 3 may be insensitive to MMR. Recently, we showed that heteroduplex DNA formed between 18%-diverged DNA sequences can efficiently transform Mmr ϩ E. coli, suggesting that the multiply mismatched recombinational intermediates are not inactivated by the MMR system (57).
Implications. There are many repeats in the genome of most higher eukaryotes. Possibly, small palindromes or large inverted identical or related repeats (such as Alus) could stimulate recombination between frequent surrounding repeats that are highly diverged even when they are not immediately adjacent to the inverted repeats (see, for example, results with an adjacent spacer and LIR). It will be interesting to examine the ability of small palindromes of the size common to the human genome to induce recombination between highly diverged DNAs. Possibly, other cellular factors or external agents such as replication inhibitors could also stimulate such recombination. It will also be interesting to determine if LIRs, which are known to stimulate replication slippage in bacteria, can lead to recombination between diverged or even homologous DNAs and whether there is a role for MMR. Since bacterial Tn5 LIRs are frequently deleted during conjugation (7), suggesting that they form stem-like structures in the single-stranded DNA during transfer, they might help to overcome the barrier to recombination in bacterial interspecies crosses (44) . Along with this, the role of MMR should be investigated, since the impact of MMR on homeologous recombination appears to depend on the route of recombination in bacteria (1, 2, 32, 44) as well as yeast (5, 21, 42, 43) .
